Background: The aim of this study was to use a computerized lung model to simulate the deposition of inhaled particles in the human airways during a severe asthma attack, in order to find the combination of breathing-and particle-related parameters which leads to the highest deposited fractions in the target areas of the airways. Material and Method: A stochastic lung model was used to simulate the deposition of 1 nm -100 µm particles during a severe asthma attack in bronchial generations 9-16. Breathing parameters were chosen to reflect the use of a therapeutic inhalation device, with a 10 s symmetrical breathing cycle and 2000 ml tidal volume. To maximize the deposited fraction in the target areas, further simulations were carried out changing the tidal volume (750-3000 ml), the length of the breathing cycle (2-20 s) and the length of breathing pause following inhalation (0-10 s). Results: The highest deposited fraction of 51.50% in bronchial generations 9-16 was obtained in the case of 0.01 µm particles, this value being more than4 times higher compared to the highest deposition of 3-6 µm particles currently used in inhalation devices (11.81% in the case of 5 µm particles). Modifying breathing-related parameters did not lead to valuable increases in the deposited fractions in the investigated region. Conclusions: Deposition fractions in the therapeutically important areas of the airways may be more than4 times higher in the case of 0.01 µm particles, compared to particles currently used in the treatment of asthma bronchiale. 
Introduction
Asthma is one of the most common chronic diseases of the respiratory system and in the same time the most frequent chronic condition encountered children [1] . The disease is characterized by the inflammation accompanied by episodic obstruction of the airways, causing acute exacerbations, both the chronic form and the acute exacerbations representing a serious health problem
The treatment of asthma bronchiale consists in medication administered mainly by inhalation, using inhaled particles. The diameter used in inhalation devices ranges typically between 3-6 μm [2, 3, 4] , several studies indicating that the ideal size of a particle administrated for treatment of asthma is around 2.8 μm [5] . The efficiency of inhalation therapy depends on a large number of breathing-and particle-related factors, and several studies have shown that the efficiency of inhaled therapy is only 10-20% [6, 7] , therefore there is a clear need to identify new methods to increase the efficiency of aerosol therapy.
The aim of our study was to simulate the airway deposition of a wide range of inhaled particles during a severe asthma attack, via using a computerized lung model, and to identify the possible factors that could maximize the amount of particles deposited in the target areas, located in the airways.
Material and methods
The deposition of inhaled particles during an asthma attack was modelled using the stochastic lung model, taking into account the varying levels of obstruction of the airways and the modified breathing pattern, according to the severity of the attack, as previously presented [8] .
We modelled the inhalation of 1 nm -100 μm particles in an adult male, using parameters characteristic of a severe asthma attack, and calculated the total amount of particles deposited in bronchial generations 9-16. We selected this region as target region due to the fact that β2 receptors and smooth muscle cells are present together in this area, which represents the target area for short-acting beta2-agonists. The model used a value for the degree of obstruction selected randomly from an interval of 8-80% for each bronchial generation, while the functional residual capacity was set to 4500 ml and the probability of obstruction for any given airway to 100%. The simulations were carried out assuming a breathing mode suitable for the use of a therapeutic inhalation device, using a 10 s symmetrical breathing cycle (Tinh = 5 s, Texh = 5 s) with no breathing pause and a 2000 ml tidal volume.
To maximize the deposited fraction of the inhaled particles in the target areas, further simulations were carried out using the particle size that yielded the highest deposition fractions in the first series of simulations, changing one parameter at a time, in a well-defined interval: the tidal volume between 750-3000 ml, the length of the breathing cycle between 2-20 seconds and the length of the breath-ing pause following inhalation between 0-10 s. Each subsequent simulation was carried out using the parameter value that yielded the highest deposition fraction in the previous simulation. Deposition fractions in the acinar region were also calculated, in order to find the combination of maximum deposition in the target areas and minimum deposition in the acinar region.
It is important to note that although applying a computerized model enables the investigation of an almost endless interval of values, the parameters of this study were investigated in an interval considered to be applicable in case of a patient experiencing a severe asthma attack.
All simulations were carried out for one complete breathing cycle, assuming the inhalation of monodisperse particles through oral breathing and that the particles are inhaled uniformly during inhalation. Data processing and statistical analysis were performed with Microsoft Excel 2010, using Student's t test to compare the results, and a p level below 0.05 was considered to be statistically significant.
Results
In the first series of simulations we modelledthe deposition of 1 nm -100 μm particles in bronchial generations 9-16 in case of a severe asthma attack. Deposition fractions of the investigated particles in this area, as well as the acinar region, are presented in Figure 1 . Given that deposition values of particles larger than 10 microns were negligible (below 2%) in the target areas, Figure 1 presents only the deposition values of particles with diameters up to 10 μm.
Comparing the deposition values of all the investigated particles, we can see that particle diameter has a considerable influence on their deposition. Not taking into consideration 1 nm particles, which yielded a negligible deposition fraction of 0.29%, the differences between the lowest and the highest deposition fraction can be nearly tenfold (5.19% in the case of 1 μm particles vs. 51.50% in the case of 0.01 μm particles).The highest deposited fraction of 51.50% in bronchial generations 9-16 was obtained in the case of 0.01 μm particles, while the amount of particles of this size entering the acinar region was 3.58%.
After establishing that 0.01 μm particles yield the highest deposition values in the target areas, the simulations were continued using this particle size, changing the other parameters one at a time. The effect of varying the tidal volume between 750 and 3000 ml is shown in Figure 2 .
The results show that tidal volumes smaller than the inital 2000 ml decrease deposition values in the target areas, while larger tidal volumes have an inverse effect. The largest increase, amounting to 6.17% (54.68% vs. 51.5%) was yielded by a tidal volume of 3000 ml, therefore the simulations were continued using this value, varying the length of the breathing cycle between 2 and 20 seconds. The results are presented in Figure 3 .
Changing the length of the breathing cycle had an interesting effect, as the 8 s cycle was the only one that was able to increase the deposition fraction, although only by 0.20%. Continuing with the 8 s symmetrical breathing cycle, the effect of breathing pause following inhalation was investigated, varying its length between 1 and 10 seconds. The results are shown in Figure 4 .
Adding a breathing pause after inhalation increased deposition values in bronchial generations 9-16, but only when the pause was between 1-4 seconds.The largest increase of 1.22% was obtained by applying a 1 s pause. The combined effect of changing thethree key parameters amounted to an increase of 7.41% of the total deposited fraction in bronchial generations 9-16. The results of the optimization are shown in Figure 5 .
Discussion
In a previous study [8] we have shown that during an asthma attack, the highest deposition fraction obtained in bronchial generations 9-16 by particles in the 1-6 μm size range is only 11.4%. This percentage can be considered far from efficient, and suggests that there is a need to find methods to optimize the deposition of inhaled therapeutic particles.
Since the deposition of inhaled particles in the human airways is mainly influenced by particle size [9] , the most obvious starting point in the optimization undertaken by the present study was to investigate the deposition pattern of particles with a wide range of diameters. Our results suggest that using ultrafine particles of 0.01 μm diameter results in deposition fractions more than four times higher compared to particles currently used in the treatment of asthma bronchiale (51.5% in the case of 0.01 μm particles vs 11.8% in the case of 5 μm particles). At the same time, the fraction of 0.01 μm particles entering the acinar region is almost ten times lower compared to 5 μm particles (3.58% for 0.01 μm particles vs 31.1% for 5 μm particles), greatly reducing the risk of systemic side effects caused by the absorbtion of the drug into the bloodstream.
Previous simulations carried out with the stochastic lung model have shown that particles in the 1-6 μm size range are influenced to a certain extent to breathing-related parameters [10] . The present study shows that 0.01 μm particles are far less sensitive to changes in these parameters, as increases provided by changing the length of the breathing cycle and the length of breathing pause, while statistically significant, can be considered negligible from the patient's point of view. On the other hand, choosing a well-defined tidal volume may provide the patient with approximately 6% more medication in the target areas. While the investigated parameters and the results of this study are applicable in case of a patient who is experiencing a severe asthma attack, the benefits of using a certain breathing scenario in order to increase particle deposition by a few percents should be evaluated separately for each patient, depending on his/her condition.
Literature data regarding ultrafine particles (< 100 nm aerodynamic diameter) is limited mostly to their undesirable health effects, especially in relation to the elevated health risks associated with urban air pollution [11] [12] [13] [14] . It is generally accepted that children and patients with respiratory diseases are more affected when exposed to ultrafine particles [15, 16] , and that this exposure leads to a significant increase in the number of asthma exacerbations in the case of these patients [17] .Although the underlying mechanism is not fully understood, and may involve the increased diffusion of ultrafine particles due to the inflammation of the airway mucosa [18] , these findings suggest that ultrafine particles have an important effect in those regions of the airways which are affected by asthma bronchiale, and could have significant benefits when used in therapeutic devices to treat this condition.Studies from the last few years seem to support this possibility [19] , suggesting that the bioactivity of pMDI devices may be attributed to the ultrafine fraction.Recent studies [20] suggest that submicron particles can be a valuable candidate for the improved fluidisation and deposition of aerosol drugs. More studies are needed to assess whether this approach can really lead to an increase in the efficiency of aerosol therapy.
Conclusion
The results of this study suggest that in comparison with particle currently used for the treatment of asthma bronchiale, a four times higher deposition fraction can be achieved when using 0.01 μm particles in the therapeutically important areas of the airways.
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